ABSTRACT: Portland cement pastes of various porosities were prepared using water/cement ratios of 0.30, 0.35, 0.40, 0.45, 0.50 and 0.55; and were hydrated for various time intervals ranging from 0.021 to 28 days. Pore structure and V L -t plots (plots of volume vs. thickness) of the hardened cement pastes were measured using nitrogen gas as the adsorbate. The results were found to be related to the mechanism of hydration as controlled by the pore system of the hardened pastes. Type ІІ adsorption isotherms of nitrogen were obtained for all hardened cement pastes. The adsorption-desorption isotherms indicated the existence of closed hysteresis loops for most of the investigated samples and in some other cases, these isotherms were fully reversible.
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Introduction S
tudies of surface area and pore structure of Portland cement pastes have significant values in understanding the nature of this compound material. In the present investigation, we study the surface area and pore structure of two types of Portland cement produced in Yemen by two main factories, Bajil and Amran. This work constitutes a second part of a previous investigation, in which the kinetics of hydration was studied (Babaqi et al., 2001) .
The hardened cement pastes were prepared at various initial water/cement (W/C) ratios and hydrated for various time intervals ranging from 0.021 to 28 days. As reported by Abo-El-Enein et al. (1982) , nitrogen was used as adsorbate to measure the surface area and porosity of the cement pastes. The results of adsorption of nitrogen gas for the hydrated cement pastes are represented graphically. Each graph represents a number of adsorption isotherms obtained after various hydration time intervals of a certain paste made with a definite W/C ratio (initial porosity). All adsorption isotherms graphs were found to be similar in shape to type II of Brunauer classification Emmett, 1935, Brunauer et al., 1940) , which is characterized by a low pressure region concave to the pressure axis, a high pressure region convex to the pressure axis, and an intermediate almost linear portion.
Materials and experimental
In the present investigation, we used two types of ordinary Portland cement produced by Amran and Bajil cement factories in Yemen. Their surface area was 3100 cm 2 /g. Table 1 lists the chemical oxide compositions of these two types. Henceforth, we will refer to Amran and Bajil cement as "Sample A" and "Sample B", respectively. 
Hydration treatment
Various cement pastes were prepared for the two types of the ordinary Portland cement by mixing dry weighed cement with distilled water continuously for 3 minutes. The W/C ratios were by weight; and each fresh paste was moulded into polyethylene plastic bottles and cured at 100% relative humidity for 24 hours. The specimens were remoulded and cured under water for the desired times of hydration.
All pastes were hydrated for various time intervals of 0.021, 0.083, 0.25, 1, 3, 7 and 28 days. At each time interval, the hydration reaction was stopped by immersing about 10 g of the ground specimen in about 100 ml of methanol/acetone mixture (1:1 by volume) and magnetically stirring for about one hour. The solid sample was then filtered with G4-sintered glass washed with about 30 ml of methanol and then dried at 80 to 90 ºC for 3 hours. The dried samples were kept in a desiccator until the time of testing.
Adsorption measurements
The surface characteristics of the hardened cements pastes were studied from the adsorption of nitrogen gas at liquid nitrogen temperature (-195.8 ºC) . The apparatus used was a volumetric apparatus of conventional type. It was made from a Pyrex glass that could be divided into two parts, a vacuum line and an adsorption system. Before carrying out a run, it was necessary to calibrate the dead space of the bulb and its connecting tubes. Calibration was made by use of pure helium (99.9% pure, supplied from British Oxygen Company, London). The dead space was divided into two parts: A small dead space enclosed by stopcocks, which constitutes the volume of the tube connecting the manometer to the burette; and a big dead space, which includes the total volume.
For calibration, the adsorbent was thoroughly vacuumed in situ to a pressure of approximately 10 -5 mmHg at the required temperature. After purging, the adsorption bulb was immersed and a suitable amount of pure helium was introduced to the dead space. After attaining thermal equilibrium, the pressure of the helium in the burette was measured. Successive higher pressures were obtained by further raising the mercury in the gas burette to known volumes. For each pressure and known volume of the gas burette, the corresponding volume of the big dead space was calculated. The same procedure was repeated for determining the volume of the small dead space. In the latter case, the sample bulb was isolated by closing the connecting stopcock. The adsorption isotherm was determined by introducing measured volumes of the adsorbent (nitrogen gas) to the sample bulb and measuring the equilibrium pressure. The adsorbed amount could then be calculated. Successive higher pressures were obtained by raising the level of mercury in the gas burette. The saturated vapor pressure of the adsorbate was determined periodically during the adsorption run by measuring the pressure directly, which was in equilibrium with liquid adsorbate in the liquid nitrogen thermometer. The adsorption data were plotted for volume of nitrogen adsorbed, V (cm 3 /g), as a function of equilibrium relative vapor pressure, P/P 0 , where P is the equilibrium pressure and P 0 is the saturated vapor pressure of adsorbate. The pressure was read with the aid of a cathetometer to 0.01 mm. All readings were corrected for mercury depression and temperature.
Results and discussion

Surface area and pore structure
A great deal of information concerning the properties of an adsorbent is known when its surface area is determined. A well developed method is to estimate the specific area of a solid from measurements of the adsorption of gases or vapors. The method depends on the fact that it is possible, from the adsorption isotherms, to find and evaluate the volume of gas or vapor adsorbed when the entire surface of the absorbent is covered with a complete unimolecular layer known as the monolayer capacity.
Many theories have been put forward to estimate the monolayer capacity of an active solid. Great variations, however, were encountered as adsorbents are not alike in their external or internal surface and differ in their molecular structure, capillary, and pores size. Langmuir equation was the first successful theoretical trial to estimate the monolayer capacity, V m , from adsorption isotherms. However, the equation failed to yield reliable V m values for isotherms other than type I isotherm of Brunauer's classification (Brunauer et al., 1938) . The most familiar method of determining the monolayer capacity and hence the specific surface area is the one that is based on the Brunauer, Emmett, and Teller (BET) equation (Brunauer et al., 1938) , which can be written in a linear form as:
where V is the volume of the gas adsorbed at a relative vapor pressure (P/P 0 ) and C is a constant characteristic of the heat of adsorption in the first adsorbed layer, which is a measure of the energy of interaction between the gas and the solid surface. , 22400
where V m is the monolayer capacity in ml (N.T.P.) per g , N is Avogadro's number, and σ is the area occupied by a single molecule adsorbed on the surface. If the monolayer capacity (S m ) is expressed in g/g., then Equation (2) will take the form:
where M is the molecular weight of the used vapor.
Adsorption-desorption isotherms
Adsorption-desorption isotherms of nitrogen gas were measured volumetrically at liquid nitrogen temperature on the hardened pastes made from Sample A and Sample B cements with low (W/C = 0.30) and high (W/C = 0.50) initial porosities. Pastes made from Sample A cement were designated as IA and VA and those made from Sample B cement were designated as IB and VB.
The results of adsorption of nitrogen gas for the hydrated pastes made from Sample A and Sample B cements are given in terms of the adsorbed amount S (expressed in cm 3 /g), the adsorbent, and the equilibrium relative vapor pressure of the adsorbate. These results are represented graphically in Figures 1-4 . Each of these figures represents a number of adsorption isotherms obtained after various hydration time intervals of a certain paste made with a definite W/C ratio (initial porosity). All isotherms show common characteristics, and the adsorption isotherms of nitrogen gas on the various hardened cement pastes seem to belong to type II of Brunauer's classification Emmett, 1935, Brunauer et al., 1940) , which consists of a low pressure region that is concave to the pressure axis, a high pressure region convex to the pressure axis, and an intermediate almost linear portion. This linear portion converses a long range of intermediate relative vapor pressures.
The behavior of adsorption-desorption isotherms indicates the existence of closed hysteresis loops for a number of the investigated hydrated samples while for other samples, the adsorption-desorption isotherms are fully reversible (i.e., the desorption branches are consided on the adsorption branches of the isotherms). This behavior has been noticed in other investigations made by using nitrogen gas as an adsorbate or by using other vapors (Mikhail and.Abo-El-Enein, 1972 , Abo-El-Enein et al., 1974 , Mikhail et al., 1975 , Abo-El-Enein et al., 1985 , Hekal et al., 1987 , Abo-El-Enein et al., 1990 . The results of Figures 1-4 also indicate that the sigmoid shape of the isotherms depends primarily on the initial porosity of the hardened cement pastes, as controlled by the initial W/C ratio of the paste, as well as the age of hydration of the paste.
Surface areas and pore volumes
From the adsorption isotherms, the specific surface areas were evaluated by applying BET equation (Brunauer et al., 1938) . The total pore volumes, V p , were taken as the saturation values of the isotherms. The mean hydraulic radii, Г n (Å), were also calculated from:
where S BET is the BET specific surface area.
Figure1. Adsorption-desorption isotherms of nitrogen on the hardened cement pastes IA made with W/C ration at various ages of hydration (0.021, 0.25, 3, and 28 days). The calculated values of S BET (m 2 /g), the BET C-constants, V p (ml/g), and Г n (Å) of the total pore system, are all summarized in Tables 2 and 3 for pastes made from Sample B (pastes IB and VB) and Sample A (pastes IA and VA) cement, respectively. The values of S BET and V p listed in Table 2 for pastes made from Sample B cement indicate that pastes with low porosity (pastes IB) possess higher surface areas and pore volumes than those of high porosity (pastes VB). These behaviors are mainly related to the crystalline characteristic and physical state of hydration products formed within the pore system of the hardened pastes. Evidently, hydrates formed with low porosity pastes (IB) are almost more amorphous with ill-crystallized character as compared with those of crystalline hydrates formed with high porosity pastes (VB). Since Г n represents the average width of the total pore system accessible to nitrogen molecules, the relatively low values of Г n obtained for the lower porosity pastes (IB) are mainly a consequence of the increased accessibility of nitrogen molecules used to measure larger fractions of the total pore system of the hardened pastes for the higher porosity pastes (VB). However, Г n values are relatively high, which indicate a decreased accessibility of the nitrogen molecules towards the pore system of these hardened pastes (VB). In addition, the total pore volumes measured by nitrogen are higher for pastes made with a low initial W/C ratio (pastes IB) than those made with a high initial porosity (pastes VB). Table 3 lists the main surface characteristics of the hardened pastes made from Sample A cement (pastes IA and VA) at different ages of hydration, namely, 0.021, 0.25, 3 and 28 days. Evidently, the BET surface areas as well as the total pore volumes are higher for pastes made from low initial W/C ratio (pates IA) as compared with those made with high initial W/C ratio (pastes VA). These results are easily explained in terms of the different degrees of crystallinity of hydrates formed in the lower porosity pastes (IA) when compared with those formed in the higher porosity pastes (VA).
The values of the C-constants of BET equation reported in Tables 2 and 3 are very low for all of the hardened cement pastes investigated in this study (pastes IB, VB, IA and VA). Since the BET C-constant can be taken as a rough indication for the degree of interaction between the solid surface and the adsorbate molecules, hence, it is an adequate measure for the heat of adsorption in the first adsorbed layer. Therefore, the heat of adsorption of nitrogen gas on the various hardened cement pastes (IB, VB, IA and VA) is very low, indicating non-specific adsorbent-adsorbate interactions. 
Pore structure and V L -t plots
Several investigators have offered t-curves for nitrogen. Cranston and Inkley (1957) derived a composite curve from nitrogen isotherms on 15 nonporous materials. Another t-curve, based on a variety of other nonporous adsorbents was derived by De Boer and coworkers (Lippens et al., 1964 . If we restrict ourselves to nitrogen and to only one temperature (liquid nitrogen temperature), it is a fortunate fact that for a wide variety of adsorbents, the multi-molecular adsorption curve (the t-curve) proved to be identical. This fact has led De Boer to the claim of a "universal" multi-molecular adsorption curve for nitrogen. Other investigators (Mikhail et al., 1968) , however, have shown that even for nitrogen, the existence of the so-called universal multi-molecular adsorption curve can be considered as an oversimplified statement for the actual situation. To obtain a "correct" t-curve suitable for a particular application, Mikhail et al., (1968) considered another factor besides the absence of porosity, namely, the C-constant of BET equation. They emphasized the importance of using the "correct" t-curve in a particular pore structure analysis. By "correct" t-curve, they meant a t-curve on which the heat of adsorption of nitrogen is of the same order of magnitude as the heat of adsorption of the sample under study. The statistical thickness t(Å) of the adsorbate can be obtained from :
where M is the molecular weight of nitrogen, V sp is the specific volume of nitrogen in ml/g, V a is the amount adsorbed in cm 3 /g at STP, and S BET is the specific area in m 2 /g. In calculating the value of t, the density of the adsorbate is considered to be equal to the density of liquid nitrogen at the temperature of the isotherms (-195.8 °C) . A practical way to use the t-curve for nitrogen is to plot experimental adsorption curves as a function of t-values; hence, In any normal case of multi-molecular adsorption, the experimental points should fall on a straight line passing through the origin. The slope of this line gives the specific surface area S t in m 2 /g according to the following equation:
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where V L is the volume in ml/g of nitrogen adsorbed and t is the statistical thickness in Å.
Concerning the shape of the V L -t plots, Lippens and De Boer (1965) have pointed out three possibilities with regard to the slope of the V L -t plot (straight line, deviates upwards, or deviates downwards from the straight line). In the present investigation, the V L -t plots were constructed on the basis of the adsorption branches of isotherms by using the t-values published for solids, having low values of the C-constant of the BET equation (i.e., low heat of adsorption) as obtained from the adsorption of nitrogen on a number of nonporous oxides.
Figures 5-8 show the V L -t plots for the hardened cement pastes IA, VA, ІB, and VB, respectively. A definite criterion for the correctness of the V L -t plot is the close agreement between the surface areas obtained from these plots (known as S) and the BET surface areas (S BET ). This agreement is shown in Tables 4 and 5 for the hardened pastes made from Sample A and Sample B cements, respectively, which support the use of the suggested t-curve for the adsorption of nitrogen on the hardened cement pastes. The V L -t plots shown in Figures  5-8 indicate, in most of the investigated cases, downward deviations from the initial straight lines, which pass through the origin. In some other cases, a slight upward deviation is noticed, indicating the presence of mesopores with limited sizes. The downward deviations, however, demonstrate the existence of narrow pores in the pore system of the hardened cement pastes. Evidently, the V L -t plots shown in Figures 5 and 6 for Sample A low and high porosity cement pastes indicate the existence of only upward deviations from the initial straight line passing through the origin. This fact leads to a conclusion that the entire pore system of the hardened cement pastes IA and VA consist mainly of meso-pores. The results of Figure 7 obtained for Sample B low porosity cement pastes (IB), however, show only downward deviations from the initial straight line passing through the origin. Therefore, the pore system of these pastes consists mainly of micro-pores. For Sample B high porosity cement pastes (VB), the pore system is found to be consisting mainly of micro-pores at the early ages of hydration (0.021-1 days) whereas at the later ages of hydration (3-28 days), only meso-pores are detected.
Conclusion
Type ІІ adsorption isotherms of nitrogen were obtained for all of the investigated hardened cement pastes. In addition, the adsorption-desorption isotherms indicated the existence of closed hysteresis loops for most of the investigated samples. In some other cases, the adsorption-desorpion isotherms were fully reversible. The BET surface areas as well as the total pore volumes were found to be higher for the lower porosity cement pastes (ІA and ІB) than those made with higher initial porosities (pastes VA and VB). This is mainly due to the different crystalline habit of the hydrates formed within the pore system of the various investigated cement pastes. On the other hand, the mean hydraulic radii of the total pore system accessible to nitrogen molecules were found to have lower values for the lower porosity pastes (ІB) compared with the higher porosity pastes (VB). The C-constant values of the BET equation are very low, which indicate a very low heat of adsorption of nitrogen gas on the various hardened cement pastes. This indicates non-specific interactions between the adsorbate (nitrogen) and the adsorbent (cements pastes). The constructed V L -t plots indicate the existence of both micro-and/or mesopores of limited sizes.
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